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Non-enzymatic dopamine detection using iron
doped ZIF-8-based electrochemical sensor
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Dopamine plays a vital function in the central nervous, cardiovascular, and endocrine systems. The precise
identification of dopamine is essential for the diagnosis and treatment of different disorders.
Electrochemical approaches provide a hopeful substitute for intricate methods such as HPLC and mass
spectroscopy. However, the presence of other interference from other substances is a challenge.

Modifying the electrode surface or using Zeolitic Imidazolate Framework 8 (ZIF-8) coated with iron can

enhance sensitivity and selectivity. Iron-modified ZIF-8 (Fe-ZIF-8) has shown excellent catalytic activity.

This study proposes the development of Fe-ZIF-8 for dopamine detection using electrochemical
methods. Fe-ZIF-8 displayed sensitive and selective performance, surpassing interfering compounds. A
successful synthesis of Fe-ZIF-8 composites with varying iron ratios was achieved, with Fe5-ZIF-8

exhibiting the highest oxidation and reduction peaks. The performance of the Fe5-ZIF-8/GCE sensor

was evaluated, demonstrating superior sensing performance in linear range of 0.05-20 pM. The limit of

Received 5th May 2024
Accepted 10th December 2024

detection (LOD) was determined as 0.035 uM, falling within the concentration of dopamine in human

serum. The sensor also exhibited selectivity towards interfering substances, including uric acid, ascorbic

DOI: 10.1039/d4ra03307h

rsc.li/rsc-advances 8 as a selective sensor material.

1. Introduction

Dopamine is a vital neurotransmitter that has a crucial function
in regulating the operational functions of the central nervous,
cardiovascular, and endocrine systems." When there are
unusual levels of dopamine in the body, it has been connected
to various illnesses like Alzheimer's disease, bipolar disorder,
schizophrenia, and Parkinson's disease.>® Hence, a sensitive
and precise method of detecting dopamine is required for
medical diagnosis and treatment purposes.

Various techniques are available to accurately and selectively
detect dopamine, such as High-Performance Liquid Chroma-
tography (HPLC), mass spectroscopy, and a combination of
both methods.* However, these approaches can be complex,
costly, time-consuming, and require skilled operators. To
overcome these limitations, electrochemical techniques have
been developed, enabling the detection of dopamine's electro-
active performance with a simple procedure and more acces-
sible.® The electrochemical techniques in the field of chemicals
or biosensors are utilized to obtain signals in the form of
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acid, and urea. These findings highlight the successful synthesis and promising performance of Fe5-ZIF-

electrical signals from the interaction between the electrode
surface and the target analyte. This technique offers high
sensitivity, low detection limits, ease of use, and requires only
a small amount of analyte. Selective detection of specific targets
is a major challenge in the use of electrochemical-based
sensors. Therefore, the use of bioreceptors or nanomaterials
as supporting materials is employed to enhance selectivity.®®
For example, the presence of interfering substances like uric
acid and ascorbic acid can pose challenges due to their similar
oxidation potential and higher concentrations compared to
dopamine.®*® The use of nanomaterials as modifiers is a stra-
tegic choice for creating dopamine sensors with high selectivity,
superior stability, and an easy modification process, where the
use of proteins such as enzymes, which are susceptible to
environmental changes, can be avoided. An example of such
modification is coating the working electrode with Zeolitic
Imidazolate Framework 8 (ZIF-8), which has been enhanced
with iron (Fe) to enhance the sensitivity and selectivity of
dopamine detection using electrochemical methods.

ZIF-8 is a specific type of zeolitic imidazolate framework (ZIF)
composed of metallic zinc (Zn) and the organic linker 2-meth-
ylimidazole."* ZIF-8 possesses a porous structure and a large
specific surface area, however ZIF-8 is reported to have low
conductivity affecting their performance as chemical and
biosensors.””** Some works reported adding transition metal
doping to ZIF-8 can enhance conductivity as well as catalytic
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activity.”>'® Among the transition metals, studies have indicated
that iron-modified ZIF-8 (Fe-ZIF-8) exhibits superior catalytic
activity.””'® Fe-ZIF-8 has been extensively studied as a photo-
catalyst material, its application as an electrochemical sensor
material remains unexplored.

In this study, developed ZIF-8 by modifying the synthesis
process of ZIF-8 through the incorporation of metal ions,
specifically iron (Fe) ions, to capitalize on its advantages. The
addition of Fe in an optimal manner can significantly improve
the electrochemical capabilities of the ZIF material. In our
research, we successfully modified a glassy carbon electrode
(GCE) by incorporating Fe-ZIF-8 nanomaterial into its working
electrode. This modification allowed us to detect dopamine in
neutral conditions using electrochemical techniques such as
cyclic voltammetry (CV), differential pulse voltammetry (DPV),
and chronoamperometry (CA). The Fe-ZIF-8 composite exhibi-
ted notable sensitivity and selectivity in detecting dopamine
compared to various interfering compounds.

2. Experiment
2.1 Materials

Zinc nitrate hexahydrate (Zn(NOj3),6H,0), iron(u) chloride tet-
rahydrate (FeCl,-4H,0), and 2-methylimidazole (HmIM) 99%
were purchased from Merck. While dopamine hydrochloride,
urea, uric acid, and ascorbic acid were acquired from Sigma
Aldrich. Without further purification, analytical-grade chem-
icals were used for all applications.

2.2 Synthesis of ZIF-8 and Fe-ZIF-8

The ZIF-8 was synthesized using a precipitation method
described by," but with a modification involving the combi-
nation of HmIM as a ligand and Zn>" and Fe®" ions as metal
center in a 1: 4 ratio. The percentage of Fe** was varied to 0%,
1%, 3%, 5%, 7%, and 10% while maintaining a total concen-
tration of 5 mmol. To prepare the solution, 1.642 g (20 mmol) of
HmIM was dissolved in 100 mL of methanol and stirred at room
temperature for 5 minutes. Next, the HmIM solution was gently
added to the Zn>" and Fe*" solution and stirred for 2 hours at
room temperature. The resulting mixture was incubated for 24
hours at room temperature. To purify the product, the precipi-
tate was washed multiple times using methanol. Finally, the
precipitate was dried overnight at 60 °C. All the samples are
labelled to Fe0-ZIF-8, Fe1-ZIF-8, Fe3-ZIF-8, Fe5-ZIF-8, Fe7-ZIF-8,
and Fe10-ZIF-8 for each additional of 0%, 1%, 3%, 5%, 7%, and
10% of Fe respectively.

2.3 Structural characterization

The physicochemical properties of Fe-ZIF-8 were analyzed using
three techniques: X-ray diffraction (XRD), surface and pore
analyzer, and Scanning Electron Microscope (SEM). XRD was
utilized to assess the material's crystallinity. Surface and pore
analyzer provided information on the specific surface area,
porosity, and the material's adsorption-desorption profile. SEM
was employed to examine the morphological structure of the
material.
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2.4 Dopamine sensor performance test

To prepare the sensing electrode, 1.5 mg of the ZIF-8 powder
was dispersed in 980 pL of distilled water using a bath sonicator
for 15 minutes until a homogeneous suspension was obtained.
Then, 20 pL of 5% Nafion solution was added and sonicated
again for 15 minutes. Next, 6 pL of the suspension was drop-
casted onto the glassy carbon electrode (GCE) surface as the
working electrode (WE) and dried at room temperature.

The sensor performance test involved electrochemical
measurements techniques, specifically cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and chronoamperometry
(CA). For these measurements, three electrodes were used: an
Ag/AgCl reference electrode (RE), a platinum wire counter
electrode (CE), and GCE modified with the optimum material as
the WE. The test was performed in a dopamine solution in
phosphate-buffered saline (PBS) with a concentration of 0.01 M
and a pH of 7.4.

CV measurements were conducted within a voltage range of
—0.6 V to 0.6 V using different scan rates (25-200 mV s~ ') to
determine the charge transfer mechanism at the electrode
surface. DPV measurements were performed to analyze the
response of dopamine concentrations ranging from 0.05 uM to
20 pM. The DPV parameters used were a potential range of
—0.05 V to 0.3 V, an amplitude of 50 mV, a step height of 4 mvV,
a pulse width of 0.2 seconds, a step width of 0.5 seconds, and
a sampling period of 0.01667 seconds. The current response
profile was then analyzed to determine the sensor's sensitivity
and limit of detection.

CA measurements were conducted to assess the selectivity
of the sensor. The measurements were performed at a constant
potential of 0.1 V in a stirred solution while observing changes
in current caused by potential interferences such as uric acid,
ascorbic acid, and urea. The tests were carried out on the GCE
modified with the optimum material measurements were
performed on mixed analytes solutions containing 10 mM
urea, 1 mM ascorbic acid, 1 mM uric acid, and 0.1 mM
dopamine.

3. Result and discussions

The proposed non-enzymatic dopamine sensor was designed
based on Fe-ZIF-8/GCE. The distinctive structure of Fe-ZIF-8 was
obtained using the precipitation method, as mentioned in the
methods section. The Fe-ZIF-8 material was utilized as the
sensing material and deposited onto a GCE through a casting
procedure. As the structure of the material, the XRD diffraction
shows that the Fe-ZIF-8 has high crystallinity. The XRD peaks at
26 of 7.34°, 10.45°, 12.78°, 14.75°, 16.50°, and 18.07° are origi-
nated from plane of (011), (002), (112), (022), (013), and (222)
respectively. The XRD pattern shows a topology with the SOD
type which indicates that iron has succeeded in replacing zinc
in ZIF-8 (see in Fig. 1) ** The resulting Fe modified ZIF-8 is also
pure because no additional peaks from other phases. Addi-
tionally, the XRD peak was in good agreement with the reported
XRD pattern in previous research conducted by.** Additionally,
there is an increase in peak intensity as the Fe concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 XRD pattern simulated ZIF-8 and synthesized Fe-ZIF 8.

increases, this means that the iron can induce the crystal
growth of ZIF-8.

The SEM results revealed that the shape of ZIF-8 remained
unaffected by an increase in the iron content. All samples
exhibited a rhombic dodecahedron which is the most stable
shape for ZIF-8 (see in Fig. 2).?>** In addition, the addition of Fe
did not affect the particle shape revealing the successful
incorporation of Fe in ZIF-8 matrix. As observed, incorporating
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an iron up to 5% did not alter the size of the ZIF-8 structure,
which exhibited a uniform size of approximately 90 nm.
Conversely, when the added ratio exceeded 5%, there was
a significant increase in particle size. Different in valence state
of Zn and Fe induces the creation of vacancy defect to keep the
charge balancing. The defect might increase the rate of particle
growth resulting in bigger particle size.*>**

To confirm the successful of Fe incorporated in ZIF-8, EDX
analysis has been performed for Fe5-ZIF-8. As seen in Fig. 3, all
the main elements which are carbon, nitrogen, Zn, and Fe are
well distributed in the particles. This result strengthens the
XRD patterns where all Fe modified ZIF-8 show similar
diffraction patterns with the pure ZIF-8 one. This phenomenon
indicates that Fe elements are successfully inserted into the ZIF-
8 crystal host by substituting mechanism.

By performing a CV scan in the potential range of —0.6-0.6 V,
the optimum material for detecting dopamine was determined.
The solution used for the profiling contained 0.1 mM of dopa-
mine in PBS (0.01 M, pH 7.4). Fig. 4a depicts the voltammogram
of all samples, compared to bare GCE, all the Fe modified ZIF-8
samples demonstrate higher oxidation and reduction current
revealing that zinc metal center is clearly active. Additionally,
the presence of Fe also improves the catalytic activity of ZIF-8. In

Fig. 2 SEM images of (a) Fe0-ZIF-8, (b) Fel-ZIF-8, (c) Fe3-ZIF-8, (d) Fe5-ZIF-8, (e) Fe7-ZIF-8, (f) Fel0-ZIF-8.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX analysis of (a and b) Fe5-ZIF-8 confirming the distribution of (c) C, (d) N, (e) Zn, and (f) Fe.

this case Fe enrich the oxidation state variation and improve the
conductivity of ZIF-8. Fig. 4a clearly demonstrates that the
modified Fe5-ZIF-8/GCE outperformed other modifications, in
terms of oxidation-reduction peaks. Notably, there was no
significant difference in response among modifications with
different ratios, except for ratios above 5% which exhibited
a decrease in the current response. Based on the CV scan
results, it was concluded that the ideal material for detecting
dopamine was an iron ratio of 5% (Fe5-ZIF-8). The highest
performance of Fe5-ZIF-8 is also supported by its high surface
area. As shown in Fig. 5, all samples show similar profiles where
there is no significant difference in surface area. Using BET
technique, the specific surface area for each Fe0/ZIF-8, Fel/ZIF-
8, Fe3/ZIF-8, Fe5/ZIF-8, Fe7/ZIF-8, and Fel0/ZIF-8 is 1630 cm?
g 11618 ecm® g, 1631 cm® g, 1622 cm® g !, 1624 cm® g ',
and 1588 cm” g7, respectively. These results are much larger
than the usual specific surface area, which is between 1250-
1600 m* g~ ' from several synthesis methods.?* The adsorption
and desorption profiles of N, on Fe5-ZIF-8 shows that the
material type exhibits a type 1 isotherm indicating a solid
material with micropores (0.1-2.5 nm) the same as pure ZIF-
8.°%*” In addition, Rendless Sevicks approach was used to
calculate the diffusion coefficient of each sample. Based on the
eqn (1) where, i, (4) is the current peak in the oxidation process,
n is the total number of electrons exchanged in a redox reaction,
in this case 2, A (cm?) is electrode active area, C (mol cm?)
is the concentration of the dopamine in the solution (0.1 mM),
D (em” s ") is the diffusion coefficient and v (V s™") is the scan
rate.”

1
2
ip = 0.4463nFAc(”§ VTD)

=2.69 x 10°n*24CD'*y'/* at 25 °C
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Diffusion coefficient relates to the how fast the dopamine
molecule difuse to the surface of electrode and it also depends
on the catalytic activity of the electrode. D value of Fe5-ZIF-8 is
found to be the highest among all the samples which is 0.003
em? s~ ! including the bare GCE (0.002 cm?” s~ !). Consequently,
further testing was carried out specifically on Fe5-ZIF-8.

The reduction-oxidation (redox) reaction mechanism of
dopamine consists of two stages; the first stage involves
areversible reaction where dopamine is converted to dopamine-
o-quinone. The second stage is an irreversible cyclization
process where dopamine-o-quinone transforms into leukoami-
nochrome. The primary focus of the oxidation-reduction reac-
tions lies in the first stage that occur on the metal center of Zn>*
and Fe>".?® Fig. 4b illustrates CV measurements conducted with
variations in scan rate (v), which can provide insights into the
charge transfer mechanism at the electrode surface.”® When
dealing with redox species that can freely diffuse, the current
response will exhibit a linear increase with the square root of
the scan rate (v'/?). Conversely, for species that are adsorbed
onto the electrode surface, the current response will linearly
increase with the scan rate (v). In this study, measurements
were performed on 0.1 mM of dopamine (0.01 M PBS pH 7.4) at
scan rates ranging from 25 mV s~ ' to 200 mV s~ . The inset plot
in Fig. 4b demonstrates a linear correlation between the current
magnitudes of the oxidation and reduction peaks and the scan
rate. This indicates that the charge transfer in this system is
diffusion-controlled.

For the assessment of the sensor's sensitivity, a DPV test was
conducted by varying the concentration within the range of 0.05
UM to 20 uM and scanning from —0.05-0.3 V. The DPV peak
currents corresponding to each measured concentration that
can be found in Fig. 4c. The DPV curve demonstrates by
analyzing the relationship between the peak current profile and
concentration, sensitivity can be obtained from the slope which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Cyclic Voltamogram (CV) of Fe-ZIF-8/GCE modifications including bare in 0.01 M PBS containing 0.1 mM dopamine. (b) CV of Fe5-ZIF-

8/GCE at different scan rates in 0.01 M PBS containing 0.1 mM dopamine. (c) Sensitivity of Fe5-ZIF-8/GCE measured using DPV technique and its
linearity. (d) Selectivity of Fe5-ZIF-8/GCE measured using chronoamperometric in 0.1 mM of dopamine, urea, ascorbic acid, and uric acid.
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is being 0.1726 pA pM™'. Moreover it becomes possible to
determine the limit of detection (LOD) using the following
eqn (2).

LOD = 30
m

(2)
where the value of 3 is the signal-to-noise ratio (S/N), ¢ is the
standard deviation and m is the slope of the linear curve. The
LOD of the sensor is found to be 0.035 uM. Additionally, based
on the DPV curves, it is evident that the current generated by
dopamine is linear with the concentration of dopamine
provided. This indicates the occurrence of an electron transfer
reaction. This phenomenon is demonstrated by EIS testing with
and without the presence of 0.1 mM of dopamine, as shown in
Fig. 6a. Qualitatively, the charge transfer resistance decreases
after the addition of dopamine. Based on EIS fitting with the
equivalent circuit and the eqn (3), the charge transfer resis-
tances with and without dopamine are 84 KQ and 540 KQ,
respectively.®®

RSC Adv, 2025, 15, 7897-7904 | 7901
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trodes. (c) And stability of Fe5-ZIF-8 for 4 weeks. (d) DPV curves response of Fe5-ZIF-8 toward 10 uM, 50 uM, and 0.1 mM of dopamine in PBS and

human serum.

R, R;

Ztotal = Rl +

[+jwCR T 1+jwCRs

(3)

To determine the selectivity of the sensor, a CA test was
conducted in a stirred solution at a constant potential of 0.1 V.

The purpose was to observe any changes in current when
potential interferences were introduced, which could poten-
tially affect the accurate measurement of dopamine. The CA test
was performed in a stirred solution containing a 0.01 M of PBS
solution. At specific time intervals, different substances were

Table 1 Comparison of figures of merit on previous dopamine sensors with the present work

Electrode modification Methods Linear range LOD (uM) References
Au@PSi-P3HT Ccv 1.0-460 uM 0.63 31
Carbon dots DPV 0.25-76.81 uM 0.08 32
Carbon quantum dots (CQDs) and copper oxide (CuO) nanocomposite cv 1-180 uM 25.4 33
Nanocomposite of graphene quantum dots (GQDs, 1-5 nm) DPV 0.25-250 uM 0.095 34

and multiwall carbon nanotubes (MWCNTS)

A three-dimensional (3D) porous carbon sheet DPV 0.8-400 pM 0.1 35

with hierarchical ordered mesopores

A platinum-silver graphene (Pt-Ag/Gr) nanocomposite DPV 0.1-60 pM 0.012 7
Graphene oxide thin film DPV 0-200 uM 9.3 36
Graphene oxide-UIO-66 DPV 0-200 pM 2.1 36

Binary copper selenide prepared by hydrothermal method CA 40-640 pM 0.068 37

Binary copper selenide prepared by electrodeposition method CA 40-320 M 0.098 37
Fe-ZIF-8 DPV 0.05-20 pM 0.035 This work

7902 | RSC Adv, 2025, 15, 7897-7904
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added to the solution to create interference. Urea was added at
60 seconds, ascorbic acid at 120 seconds, uric acid at 180
seconds, and dopamine at 240 seconds. The concentrations of
each substance were adjusted accordingly: urea at 10 mM,
ascorbic acid at 1 mM, uric acid at 1 mM, and dopamine at
0.1 mM (see in Fig. 4d). The measurement results indicate that
the dopamine electrochemical sensor utilizing Fe5-ZIF-8 mate-
rial exhibits a selective response specifically towards dopamine.

Additionally, to further assess the performance of Fe5-ZIF-8
as a dopamine sensor, five different electrodes were prepared
to check their consistency in term of signal after interacting
with 0.1 mM of dopamine. As shown in Fig. 6b, the five elec-
trodes generated similar response values with deviation stan-
dard of 0.05%, indicating the excellent reproducibility.
Moreover, five different electrodes were also prepared to check
their stability. All the electrodes were stored at room tempera-
ture and each electrode was evaluated every week for four weeks.
As shown in Fig. 6¢, the sensor still gives 100% of its perfor-
mance after 14 days storing and decreasing to 75% at the end of
28 days. This stability is still needing further improvement.
However, the electrode demonstrates similar responses when
detecting dopamine in human serum compared to PBS
(Fig. 6d), where the recoveries for 10 uM, 50 uM and 0.1 mM are
99%, 97%, and 95%, respectively revealing its high potential in
practical use.

This modification demonstrates significant success by
achieving a smaller LOD compared to several other dopamine
sensors, as shown in Table 1. This table compares the results of
other sensors with the findings of this study.

4. Conclusion

The synthesis of various Fe-ZIF-8 composites with different iron
ratios (Fe0-ZIF-8, Fe1-ZIF-8, Fe3-ZIF-8, Fe5-ZIF-8, Fe7-ZIF-8, and
Fel0-ZIF-8) was successfully achieved using a precipitation
method at room temperature. The optimal iron ratio was
determined based on SEM and CV analysis, which showed that
Fe5-ZIF-8/GCE exhibited the highest oxidation and reduction
peaks. The performance of the Fe5-ZIF-8/GCE sensor was also
evaluated, demonstrating controlled diffusion of analytes to the
electrode surface. DPV analysis showed two linear ranges in
0.05-20 uM. The limit of detection (LOD) for Fe5-ZIF-8/GCE was
determined to be 0.035 pM with the lower range falling below
the concentration of dopamine in urine. Furthermore, the
sensor exhibited selectivity towards interfering substances such
as uric acid, ascorbic acid, and urea. Overall, these findings
highlight the successful synthesis and promising performance
of Fe5-ZIF-8 as a selective sensor material.
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